The concurrent release of calcium phosphate and biomacromolecules may improve wound healing responses at the interface with ceramic materials of orthopaedic and dental implants. Hydrogel coatings consisting of a mixture of alginate and chitosan were doped and applied onto solid carriers with the aim of investigating their use as local delivery vehicles. Coatings containing both the model macromolecule FITC-dextran 70 kDa ͑FD 70͒ and dispersed calcium phosphate carbonate ͑CPC͒ nanoparticles were coated onto a solid, nonporous model substrate to study the concurrent release of FD 70 and calcium and phosphate ions from within the hydrogel. Hydrogel coatings containing only FD 70 were cast onto porous calcium phosphate coatings, similar to hydroxyapatite, to study the release of FD 70 from, and calcium and phosphate ions through, the hydrogel coating. Transmission electron microscopy showed good dispersion of the CPC nanoparticles, and scanning electron microscopy and atomic force microscopy showed that increased CPC loading resulted in an increase in surface roughness but to extents well below those affecting cell responses. The release of FD 70 from CPC-loaded coatings was similar to release from the hydrogel alone, although higher CPC loadings resulted in small changes. The release of FD 70 was better described by double or triple phase zero order release kinetics; this complex time dependence indicates that in addition to outdiffusion, other, time-dependent factors apply, such as swelling of the gel, as expected from the known effects of calcium ions on alginate. Calcium and phosphate ions were also released, with similar release kinetics, through the hydrogel layer from the underlying CaP layer. In either case, release decreased to negligible levels after 3 days, suggesting that the systems of this study are suitable for short-term concurrent release of water-soluble biomacromolecules and calcium and phosphate ions.
I. INTRODUCTION
The surface composition and associated properties are key determinants for the successful integration of implants into biological tissues. A central strategy in the development of biomedical devices is to create biomimetic surfaces for directing the biological responses following implantation.
1 Toward this aim, one strategy is the local delivery of specific biologically active molecules such as extracellular matrix adhesion proteins, growth factors, cytokines, and antibacterials, directly at the implant/tissue interface in order to elicit predictable, targeted local host responses.
2 Therefore, there has been increased interest in the use of eluting coatings in combination with well-established endoprosthetic bulk biomaterials such as metallic or plastic orthopaedic implants. [3] [4] [5] [6] [7] [8] In comparison with bulk delivery systems, the use of release coatings on solid biomaterials possesses the advantage of allowing independent design of the coating and the underlying material in order to satisfy other required criteria such as bulk mechanical strength.
In previous work, we developed eluting coatings based on a mixed alginate/chitosan hydrogel containing dissolved macromolecules. 9 Such hydrogel coatings could be used for the local release of, for instance, growth factors. To explore their potential use for application for tooth and bone prosthetic devices, we then aimed to investigate how the release of biomacromolecules could be combined with the release of inorganic ions, particularly calcium and phosphate; this is the subject of this report. Calcium phosphate based ceramics are widely used in tooth and bone prosthetic devices due to their similarity to naturally occurring apatite. Although the exact mechanisms responsible for their good biocompatibility are still the subject of intense investigation, it has been shown that calcium phosphate ceramics undergo resorption, subsequent remodeling, and biomineralization. [10] [11] [12] [13] [14] [15] More specifically, it is the increased local concentration of calcium and a͒ Author to whom correspondence should be addressed; Present address: Molecular and Health Technologies, CSIRO, Bag 10, Clayton South MDC, VIC 3169, Australia; electronic mail: ping.peng@csiro.au phosphate ions from the resorbing calcium phosphates that is considered to be conducive to new bone formation. 16 The concurrent release of calcium and phosphate ions as well as bioactive molecules such as growth factors may offer additional possibilities for the control of orthopaedic wound healing. However, the question arises whether application of a macromolecule-containing hydrogel coating onto a calcium phosphate substrate might lead to reduction in the calcium and phosphate release. Another question of interest was whether one might be able to release concurrently biomacromolecules and calcium and phosphate ions from the same hydrogel coating, which would be of interest for the coating of hard tissue implants without the need for a separate HA coating. With this in mind, we have investigated two different designs of nanocomposite eluting coatings based on alginate/chitosan hydrogels.
In one design, we dispersed both a model biomacromolecule ͑FITC-dextran͒ and calcium phosphate nanoparticles within the hydrogel matrix, which was cast onto a solid, nonporous substrate, with the aim of concurrent release upon swelling of the hydrogel matrix in an aqueous medium. Calcium phosphate carbonate ͑CPC͒ was used as the source of calcium and phosphate ions as it is similar to the mineral phase in teeth and bones, which is calcium phosphate based and contains some CO 3 2− ions. Upon partial substitution of either PO 4 3− or OH − by CO 3 2− , the crystal size of precipitated calcium phosphate was found to be reduced by approximately an order of magnitude. [17] [18] [19] The resultant smaller nanoparticles are better suited to dispersion in a thin coated hydrogel layer. In the alternative design, FITC-dextran was loaded within an alginate matrix, which was cast onto, and into the pores of, a porous calcium phosphate coating. An electrochemically deposited calcium phosphate coating 20 was used as a model porous orthopaedic surface, because commercial hydroxyapatite samples were too rough for our experiments. Calcium and phosphate ions were expected to dissolve from the base layer and diffuse through the alginate/chitosan layer upon interaction with an aqueous medium. In both these designs, the aim is to locally deliver bioactive molecules as well as calcium and phosphate ions for improved integration of orthopaedic implants. There has been considerable recent interest in the use of alginate or chitosan hydrogel coatings, sometimes with dispersed calcium phosphate particles, for orthopaedic and periodontal implants as well as nerve regeneration. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] The concurrent release of active biomacromolecules may provide additional means of directing biological responses to implants, but prior to the design of clinical investigations it is essential to acquire in vitro data, and understand the performance and limitations of the release system. Thus, we here characterize the release behavior and release rates of both macromolecules and inorganic ions from or through hydrogel coatings, after detailed chemical, structural, and morphological characterizations of the coatings and the embedded nanoparticles by a range of analytical techniques.
II. MATERIALS AND METHODS

A. Synthesis of calcium phosphate carbonate powder
Calcium phosphate carbonate was prepared as described by Rey et al. 18 The calcium ion solution containing 17.7 g Ca͑NO 3 ͒ 2 ·4H 2 O in 250 ml water was quickly mixed with 500 ml phosphate solution containing 20 g ͑NH 4 ͒ 2 HPO 4 and 20 g ͑NH 4 ͒ 2 CO 3 as well as 40 ml ammonia solution at room temperature. The precipitate was immediately filtered through "medium fast qualitative" filter paper ͑Whatman͒, washed by Milli-Q water and lyophilized for 24 h.
B. Calcium phosphate coatings on Ti substrates by electrochemical deposition
Electrochemical deposition of calcium phosphate coatings on titanium ͑Ti͒ substrates was carried out as described earlier. 20 Briefly, titanium substrates ͑99.7%, Aldrich Chemical Co.͒ with an area of 4 cm 2 and 0.25 mm thickness were cleaned by ultrasonication in acetone, rinsing in Milli-Q water and soaking in ethanol overnight ͑12 h͒, followed by a final rinse in Milli-Q water. Calcium phosphate coatings were deposited on both sides of the substrate by electrochemical deposition. The electrochemical setup consisted of a three-electrode configuration with the titanium substrate as the working ͑cathode͒ electrode ͑20ϫ 20ϫ 0.25 mm 3 ͒, two platinum counter electrodes ͑25ϫ 25ϫ 0.1 mm 3 ͒ and a saturated calomel electrode ͑SCE͒, which was used as the reference electrode. A periodical pulsed potential at 0.3 Hz, 2500 ms, and 2.2 V was applied to the working electrode via a potentiostat ͑AD Instrument͒ for 20 min. The SCE was located close ͑1-2 mm͒ to the titanium electrode through a Haber-Luggin capillary salt bridge. The deposition was carried out while continuously stirring the electrolyte solution, held at 37°C with the aid of a water bath. Calcium phosphate coated samples were immediately removed from the electrolyte solution, washed in Milli-Q water and dried under a stream of compressed air. Chart software ͑AD Instrument͒ was used to control the potentiostat.
C. Hybrid hydrogel: Incorporation of CPC in alginate hydrogel
The hybrid hydrogel was made by mixing CPC powder into 2.2% alginate solution ͑alginic acid, sodium salt, from the kelp Macrocystis pyrifera, Sigma-Aldrich Corporation͒ at percentage values of 1%, 2%, or 3% ͑w / w͒. After stirring for 2 min, the mixture was ultrasonicated for 30 min, then allowed to stand overnight at room temperature. The semitransparent gel, termed hybrid hydrogel, was then separated from the precipitate by decanting with the aid of a syringe and stored at 4°C until further use. The analysis of the hybrid hydrogel by inductively coupled plasma optical emission spectroscopy determined the final calcium phosphate carbonate concentrations to be 0.3%, 0.5%, and 1.0% ͑w / w͒.
D. Loading of macromolecules
Fluorescein isothiocyanate dextran ͑FITC-dextran͒ with an average molecular weight ͑MW͒ of 71 600 Da ͑FD 70, Sigma-Aldrich Corporation͒ and polydispersity 1.29, used as a model release molecule for the present study, was added to 2.2% sodium alginate solution or the hybrid CPC-loaded hydrogel at a weight ratio of 1:12.
E. Preparation of eluting coatings
Alginate/chitosan/and alginate/chitosan/CPC composite coatings were prepared on cellulose nitrate filter paper ͑0.45 m, Sartorius, Germany͒, used here as a porous model substrate intended to mimic the rough and porous nature of commercial hydroxyapatite coatings and other implant materials onto which hydrogel coatings might be applied. Filter paper samples were cut to 9 cm 2 in size and fixed on a glass substrate of exactly the same size by double-sided sticky tape. 1.5 ml hybrid hydrogel was then spotted on to fully cover the filter paper, followed by spinning at a rate of 5500 rpm for 7 s unless otherwise stated. After drying at room temperature, the coated sample was immersed in 1M CaCl 2 for 3 min; afterwards, it was quickly removed and dipped into 30 ml fresh Milli-Q water once. After careful blotting with Kimwipes® tissue to remove excess water, it was then left to stand on a level bench until dried again. Next, it was soaked in 0.5% chitosan solution for 9 min, followed by dipping twice in 30 ml fresh Milli-Q water. After drying again on a level bench at room temperature ͑around 10 min͒ to achieve a constant weight within 0.2 mg accuracy, the samples were stored in a plastic box for 10 days, sealed with aluminum foil and kept at 4°C.
Alginate/chitosan/CPC composite coatings were also coated onto silicon wafer substrates. Silicon wafers ͑P/boron doped, ͓100͔, one side polished, 475-575 m thick, Micro Materials & Research Consultancy Pty. Ltd., Australia͒ were cut to 7 ϫ 12 mm 2 size, washed in acetone, rinsed in Milli-Q water, soaked in 5% NaOH for 5 min, briefly dipped into Milli-Q water, transferred into 2M HCl solution for 1 min, then rinsed with Milli-Q water and dried under a stream of compressed air for immediate use. They were initially spin coated with 20 l of a 0.25% chitosan solution ͑chitosan Ͼ85% deacetylated, Sigma-Aldrich Corporation͒ at a speed of 5500 rpm for 9 s, then quickly dried while the spinning continued. The procedure for preparation of alginate/ chitosan/CPC composite coatings additionally loaded with FD 70 was similar to that on the filter paper substrates but using 100 l of hybrid solution. Subsequently, chitosan layers were spin coated onto the dried alginate outer layer on a leveled spinner, by spotting 100 l of a 0.5% chitosan solution onto the sample and incubating for 9 min. Finally, the sample was spun at a speed of 5500 rpm for 9 s. The remainder of the procedure was the same as that used for the paper substrate.
Alginate/chitosan blend coatings loaded with FD 70 on electrochemically deposited calcium phosphate coatings on Ti substrates were prepared in the same way as used for silicon wafer substrates, except replacing the hybrid hydrogel with alginate solution containing FD 70.
F. Analysis of dispersion of CPC powders in alginate hydrogels
Hybrid hydrogel films containing different percentages of calcium phosphate carbonate powders were prepared by dipping 3 mm Cu transmission electron microscopy ͑TEM͒ grids into the hybrid hydrogel bulk and allowing the entrapped water of the hybrid hydrogel to evaporate in air. Both 200 mesh and 400 mesh grids were used. The film thickness was estimated to be in the range of 50-150 nm. The composite hydrogel films were coated with a thin layer ͑approxi-mately 3 nm͒ of carbon to make the samples electrically conducting for TEM examination. The films were examined on Philips CM100 and CM200 transmission electron microscopes. The CM100 was used for primary imaging of the hydrogel films and was operated at an accelerating voltage of 80 kV. The CM200 was fitted with an EDAX DX 4 energy dispersive x-ray ͑EDX͒ system and was used for elemental analyses of the composite hydrogel films. The CM200 was operated at an accelerating voltage of 200 kV.
G. Morphology of the composite coatings
The morphology of hydrogel coatings on silicon wafers was examined with a field emission scanning electron microscopy ͑SEM͒ ͑Philips XL30͒, operating at an acceleration voltage between 5 and 10 kV. Samples were coated with carbon prior to analysis. EDX was also conducted for elemental identification.
Atomic force microscopy ͑AFM͒ ͑Digital Instruments Nanoscope III Multimode microscope͒ imaging was conducted under ambient conditions in air using tapping mode with an etched silicon probe ͑model TESP͒. Image processing was performed using WSXM 3.0 BETA 6.5 software ͑Nano-tec Electronica S.L.͒. Roughness was measured as rms and height histograms plotted using the roughness analysis routine in WSXM 3.0 BETA 6.5. The number of intervals was fixed at 120 and the minimum ͑beginning of the interval͒ and maximum heights ͑end of the interval͒ were constrained at 0 and 180 nm, respectively.
-TA measurements were conducted using a 2990 Micro Thermal Analyzer ͑TA Instrument͒, where the surface image was obtained by monitoring the electrical power required to maintain a constant tip temperature while the tip is rastered on the surface of the sample under investigation. The image contrast is determined by the heat flow from the tip to the surface, mapping relative differences in thermal conductivity across different materials on the sample surface. Localized thermal analysis ͑LTA͒ was probed on individual locations on the surface, using the thermal probe as a tiny thermal analyzer. As the probe heats the sample at a rate of 10°C / s from room temperature to 455°C, expansion or softening can be measured by the movement of the laser signal on the photodetector, which is analogous to conventional thermomechanical analysis ͑TMA͒. 35 The thickness of the films was measured using ellipsometry ͑Beaglehole Instruments͒, with ten different incident angles on the sample, a wavelength of 600 nm, a refractive index of the silicon wafer of 3.95, 36 and assuming an initial refractive index of the film of 1.53.
37
H. Surface chemistry of the composite coatings X-ray photoelectron spectroscopy ͑XPS͒ measurements were performed on a Physical Electronics PHI 5600 ESCA system ͑software: AUGER SCAN, version 2.41͒ with a nonmonochromatic Mg K␣ x-ray source ͑h = 1253.6 eV͒ at a base pressure of Ͻ10 −8 Torr and an accelerating potential at 15 kV. The photodetector take-off angle ͑defined as the angle between the surface normal and the axis of the analyzer͒ was 45°unless stated otherwise. The binding energy E b scales were corrected for sample charging by setting the C 1s E b of adventitious carbon to 284.6 eV. A survey spectrum was recorded using a pass energy of 93.9 eV to determine the elemental compositions of the surface. High-resolution spectra in multiplex mode were recorded from individual peaks at 23.5 eV pass energy.
A Nicolet FTIR ͑Magna-IR™ spectrometer 750͒, equipped with a liquid nitrogen cooled, broadband mercury cadmium telluride detector and a diffuse reflectance cell ͑Spectra Tech͒, was used to measure IR spectra under a stream of N 2 at a flow rate of 40 cm 3 / s, with a total of 160 scans and a resolution of 4 cm −1 and a mirror velocity of 0.6329 cm/s. Potassium bromide was used as a reference for background subtraction and diluent for calcium phosphate carbonate powders for analysis, while bare silicon wafers were used as a reference for hydrogel coatings on silicon wafers.
I. Release
Simulated body fluid ͑SBF͒ was used as the release medium in the present study: 1.67 mM of K 2 HPO 4 , 2.5 mM of CaCl 2 , and 137.8 mM of NaCl in Milli-Q water were adjusted to pH 7.2 by addition of 50 mM of tris͑hydroxymethy-l͒aminomethane ͓͑CH 2 OH͒ 3 CNH 2 ͔ and 1M hydrochloric acid. The release of FD 70 was assessed by measuring the fluorescence intensity from FD 70 using a luminescence spectrometer ͑Perkin-Elmer LS 55͒. Coatings on silicon wafers or calcium phosphate coated titanium ͑7 ϫ 12 mm 2 ͒ were soaked in 3 ml SBF at 37°C with slow stirring, while measuring the fluorescence intensity ͑E x / E m : 490/517 nm for FITC-dextran, at the same slit width of 5 nm͒ in time-lapse mode. Otherwise, they were kept in a shaking incubator at 37°C and 95 rpm. To calculate the percentage of released FD 70, the total release ͑100%͒ was estimated by immersing the samples immediately after spin coating into 3 ml phosphate buffered solution ͑pH = 7.4͒ and measuring the fluorescence after 7 d storage at 4°C.
The release of calcium and phosphate ions was measured using inductively coupled plasma optical emission spectroscopy ͑ICP-OES͒ ͑Optima 3000 ICP-OES instrument, PerkinElmer͒. The alginate/chitosan/calcium phosphate carbonate composite coatings on paper with a square area of 9 cm 2 or alginate/chitosan blend layers on calcium phosphate coatings on Ti with a square area of 4 cm 2 were soaked in 10 ml of SBF at pH 7.2 for time intervals of 1, 2, 3, 6, 9, 28, and 37 days, respectively. At each scheduled interval, 0.5 ml solution was taken out and diluted to 10 ml in a volumetric flask with 0.02 N HCl for analysis, while adding 0.5 ml of fresh SBF into the test solution to keep the volume of release medium constant at 10 ml. On day 28, 0.5 ml of 0.02M HCl was added to the test solution to keep the volume of release medium constant at 10 ml and the pH around 6.0. The entire solution on day 37 was used for analysis. The difference of the calcium or phosphate ions from that in the original SBF was used to estimate the amount of ions released from the coatings.
The testing of release model fits is based on linear regression analysis 38 of the transformed release data derived from the corresponding model. In particular, if a nonlinear model was readily available for better fitting, transformation of the release data was made to create a linear graph, and then linear regression was used to analyze this transformed data. Analysis of variance ͑ANOVA͒ was used to test the acceptability of release models from a statistical perspective according to the significant value of the F statistic at a level of 0.05. If the value of F is less than 0.05, the linear model is a good fit to the data sets. In addition, the regression for the release accounted for by the model and the residual that is not accounted for by the model were also used to evaluate the acceptability of the model. Furthermore, the strength of the relationship between the model and experimental release profile was assessed via the multiple correlation coefficient R. 39 A large value indicates a strong relationship, and R 2 indicates the fraction of the release data consistent with the model.
III. RESULTS
A. Dispersion of CPC powder in alginate hydrogels
Important determinants of the morphology of the CPCloaded hydrogel coating, and presumably of the release of calcium and phosphate ions, are the size of the nanoparticles and their aggregation within the hydrogel matrix. Accordingly, we studied these properties by transmission electron microscopy. The size of the CPC particles in the alginate hydrogel was found to be in the range from a few nanometers up to 250 nm. Figure 1 shows representative TEM images for an alginate hydrogel impregnated with 0.5% and 1.0% ͑w / w%͒ CPC powder, respectively. More particles are visible for the sample with the higher concentration of 1.0% CPC ͓Fig. 1͑b͔͒ than that with 0.5% CPC ͓Fig. 1͑a͔͒; however, both preparations also showed agglomerated nanoparticles dispersed in the hydrogel matrix ͑Fig. 1͒. EDX analysis showed characteristic signals for Ca and P on the spots with large agglomerates ͓Fig. 1͑c͔͒, whereas no significant signals for these elements were detected for the other regions ͓Fig. 1͑d͔͒.
Another question was whether the incorporation of the nanoparticles and their aggregation would lead to substantial increases in the topology/surface roughness of the hydrogel coatings. SEM images recorded with alginate/chitosan/CPC composite coatings and pure alginate/chitosan blend coatings on Si wafer substrates all displayed a similarly smooth surface, indicating that the surface roughness did not change measurably. Incorporation of the nanoparticles did, however, increase the thickness of the resultant coating. Ellipsometry and cross-section SEM images yielded a thickness value of ϳ240 nm for the composite coating with 1.0% CPC powder and ϳ120 nm for the undoped alginate/chitosan blend coating. As alginate is cross-linked with calcium ions, the hybrid hydrogels have a higher viscosity than the pure hydrogel, and this is the likely reason for the increased thickness of the spin-coated doped films. This was observed only qualitatively as rheology was not available; however, as shown below, the release behavior does not change much upon incorporation of the nanoparticles, and hence it was not considered important to quantify the viscosity.
AFM was also used to study the nanoscale topography and morphology of the coatings. Surface roughness values and average heights of 100 m 2 images are listed in Table I . The rms roughness of the composite coatings at 0.3% CPC was measured to be almost the same as that of the alginate/ chitosan blend coatings, whereas increased incorporation of CPC above 0.5% raised the rms values to around four times that of the alginate/chitosan coatings. In addition, the average heights of composite coatings of CPC above 0.5% were almost double compared to that of the alginate/chitosan blend coatings. Yet, compared to the thickness of the coatings and the size of the dispersed CPC nanoparticles, the increases in surface roughness are small, consistent with the SEM observations.
B. Microthermal analysis of coatings
Microthermal analysis provides both imaging and analytical capabilities with submicron spatial resolution for both surface and subsurface details. 35, 40, 41 With a hydrogel coating thickness of the order of 100 nm, -TA is expected to detect FIG. 1. TEM images and EDX spectra of alginate hydrogel impregnated with CPC powder; ͑a͒ hydrogel with 0.5% CPC; ͑b͒ hydrogel with 1.0% CPC. ͑c͒ EDX spectrum of spot with large cluster of CPC; 1.0% loading. ͑d͒ EDX spectrum on a region without CPC clusters. Scale bar: 500 nm. the thickness-averaged properties of hydrogel coatings. Typical microthermal conductivity and topography images recorded on composite coatings with 0.5% and 1.0% of CPC powder were very similar as shown in Figs. 2͑a͒ and 2͑b͒. The "dark spots" in the thermal images are not from phase differences but from topographic features, as they all correspond very well to the elevated areas in the topographic images. This is because when the probe is at the top of the "mountains," it is surrounded by less materials and more air than when it is on the "plain." Air has a lower thermal con- ductivity than the sample; therefore, the apparent thermal conductivity measured by the probe is lower. There are two possibilities for the dark regions in the thermal images. One may relate to the impregnated CPC powder within the hydrogel. Another may be from gel clumps as occasionally observed in SEM. In the first step for cross-linking by CaCl 2 solution, the cast alginate layer on silicon wafers was observed to wrinkle and displayed a rough surface with lots of dark areas ͓Fig. 3͑a͒, left͔ in the form of gel clumps, which again corresponded very well to the elevated areas in the topography images ͓Fig. 3͑a͒, right͔. On cross-linking by chitosan, alginate/chitosan blend coatings displayed a significantly smoother surface ͓Fig. 3͑b͔͒, which, however, contained more dark areas compared to pure alginate film ͓Fig. 3͑c͔͒ on silicon wafers. These dark areas again were due to topographic features, as they all were also observed in the corresponding topography images. With the inclusion of CPC in the hybrid hydrogel, the gel viscosity increased compared to pure alginate, and as a result, gel clumps might form more readily. As the preparation process of hybrid hydrogels should discard all the CPC particles with a size larger than a micron, as indicated in TEM images, we assume that these dark areas are from gel clumps.
Composite coatings with 0.5% and 1.0% CPC powder content had similar linear sensor slopes ͓analogous to TMA, Fig. 2͑c͔͒ regardless of the location on the surface in LTA analysis, which provided additional evidence that there is no phase separation on the surface of the composite coating. The combined image and LTA analyses suggest that CPC particles are well dispersed within the hydrogel matrix. This is in accord with the results from SEM, EDX, and AFM.
The linear slope in LTA analysis is indicative of a fairly hard surface that causes the tip to retract due to the forcefeedback loop of the microscope in dc mode. 35, 42 The average thermal expansion coefficient was measured to be 0.0041Ϯ 0.0001 m /°C, similar to that of the pure alginate hydrogel matrix, which was 0.0040Ϯ 0.0004 m /°C.
C. Chemical analysis of composite coatings
XPS survey spectra of composite coatings with 0.5% and 1.0% CPCs were identical to XPS spectra of undoped alginate/chitosan coatings on silicon wafer substrates. 9, 43 The absence of significant intensities of Ca 2p and P 2p signals in survey spectra and high resolution scans of composite coatings with 1.0% CPC indicates that the incorporated CPC powder was embedded in the hydrogel without substantial protrusions, in accordance with the above findings, and nearsurface particles were covered with a layer of hydrogel at least 10 nm thick, thus exposing only hydrogel to the air interface. This probably is a consequence of surface free energy. A very weak signal at ϳ200 eV for alginate/chitosan blend coatings was assigned to Cl 2p and indicates chloride ions, as counterions.
As XPS needs to be performed in a high vacuum environment, the role of hydration water cannot be assessed by this technique. Accordingly, we studied hydrated samples by DRIFT. The DRIFT spectrum of amorphous CPC ͓Fig. 4 and 1͔ shows characteristic peaks from ϳ3000 to ϳ3400 cm −1 and a sharp peak at 1653 cm −1 indicative of a high water content sample. According to the model proposed by Posner et al. 44 describing the spherical structure of the amorphous calcium phosphate precursor, there are numerous water molecules between the individual calcium phosphate clusters. Such a structure containing much structural water is expected to be useful for obtaining better dispersion of particles within the hydrogel matrix. The hydroxyl peak at 3567 cm can be assigned to carbonate ions. 45 All hydrogel coatings on silicon wafers, including composite coatings, alginate/chitosan coatings, and alginate or chitosan reference coatings, presented common IR absorbance bands. Each displayed a broad band at around 3400 cm −1 ͑hydroxyl stretch͒, indicative of high water uptake and hydrogen bonding, and an aliphatic C-H stretching band in the region 2931-2977 cm −1 ͑Fig. 4͒. However, the OH − stretching vibration associated with the structure of CPC at 3567 cm −1 ͑Refs. 17, 45, and 46͒ disappeared in the composite coatings, indicating interaction of CPC with the hydrogel matrix through its abundant OH − groups. This interaction might be beneficial for promoting the dispersion of CPC particles in the hydrogel matrix, as observed in the TEM images.
A peak at 1732 cm −1 in alginate samples was assigned to free COOH groups, 47 while the bands at 1611 and 1409 cm −1 were attributed to the antisymmetric and symmetric stretches of COO − carboxylate salt groups 48, 49 ͓Fig.
4͔.
The spectrum of chitosan showed an amide I band at 1657 cm −1 ͓Fig. 4 and 5͔. 48 The vibrational absorbance at 1591 cm −1 was assigned to the amino band ͑N-H͒ ͑Ref. 48͒ while 1376 cm −1 was attributed to the -C-O-stretching mode of the primary alcohol group ͑CH 2 -OH͒ ͑Ref. 50͒ in chitosan.
The IR region from 1700 to 1300 cm −1 was similar for the composite coatings and the alginate/chitosan blend coatings, with broad bands at 1608 and 1419 cm −1 . The band at 1608 cm −1 is attributed to an overlap of the COO − antisymmetric stretch in alginate and of N-H bands from chitosan. 51, 52 The peak at around 1419 cm −1 was assigned to the COO − symmetric stretch in alginate interacting with the NH 3 + group of chitosan. 53 Thus, CPC powders contain some HA, as indicated by the observed peak at 3567 cm −1 . 17, 45, 46 The disappearance of this peak in composite coatings implies that the CPC interacts with the organic hydrogel through its hydroxyl groups. In addition, this IR analysis shows that the electrostatic interactions between alginate and chitosan observed in alginate/chitosan hydrogels persisted in the composite coatings.
D. Release of FD 70 from composite coatings on silicon wafers
In this study we chose to use FITC-labeled dextran as a model water-soluble macromolecule. The FITC label enabled convenient assessment. In this study, it was not of interest whether the FITC label affects the release rate compared with unlabeled dextran; if such hydrogel coatings are to be used with a specific dopant such as a growth factor, it is necessary anyway to measure its release rate. In this study, we aimed to determine the release kinetics for FD 70 such as to obtain an indication of the order of times of release for a diffusant of MW 70 kDa, which would be useful as a guide for subsequent studies with specific biomacromolecules.
The release of FD 70 from hydrogel coatings with and without calcium phosphate nanoparticles was studied by fluorescence assays, with a calibrated standard curve. The Jonckheere-Terstra test 38 indicated that the release of FD 70 from composite coatings with 0.3% CPC had almost the same profile as the release from pure alginate/chitosan blend coatings ͑the latter has been reported in Ref. 9͒, as shown in Fig. 5 . However, a significantly higher release rate was observed when the CPC content was 0.5% or higher. The release difference between the composite coatings containing 0.5% and 1.0% CPCs was relatively small compared to that of the composite coatings containing 0.3% CPC. This is similar to the change of roughness measured by AFM, where the composite coatings with 0.3% CPC had almost the same roughness as the undoped hydrogel coatings.
Although dual phase kinetics was used to fit the experimental release data for the alginate/chitosan hydrogel coatings, it was not possible to obtain a good fit of the observed release behavior to commonly used Korsmeyer-Peppas models for the composite coatings, indicating more complex release behavior of our composite coatings. The release kinetics might be affected by a complex superposition of various effects such as swelling of the hydrogel matrix, release of calcium ions affecting alginate cross-linking, and volume changes as the CPC dissolves. The release rate ͑regression coefficient͒ decreased gradually with time for all composite coatings with different contents of CPC, but it cannot be fitted to first order kinetics. 54 In order to obtain release rate coefficients, different parts of the curves were fitted to a zero order release kinetics model.
where M t and M ϱ are the released amount at time t and the overall released amount, respectively, M L is the released amount at time t L when the zero order release model begins, k is a release constant. The release from composite coatings after 2 min for 0.3% CPC and after 10 min for both 0.5% CPC and 1.0% CPC appeared to be better described by double or triple phase zero order release kinetics, as shown in Fig. 6 . The acceptability of the release model fit was tested by ANOVA based on linear regression analysis as shown in Table II for 0.3% CPC. Similarly, release data from 0.5% and 1.0% CPC hydrogel coatings all showed a zero significant value of F at a level of 0.05. The gradual decrease in release arose from the depletion of FD 70 within the composite coatings accompanying the release over time, and thus a decreased entropic driving force. It is worth noting that the linear kinetics model does not fit very well with the experiment data for the composite coatings with 1% CPC after 47 min, although it is the best fit among the available less complex models. As discussed before, the complex superposition of various effects have complicated the release kinetics.
E. Release of FD 70 from alginate/chitosan blend coatings on electrochemically deposited CaP coatings on titanium
The release profile of FD 70 into SBF from alginate/ chitosan blend coatings deposited onto a calcium phosphate base layer on Ti substrate is shown in Fig. 7 . This release behavior is similar to that observed on paper substrates 43 but with a lower overall release percentage. The similar release kinetics compared to coatings on paper may arise from the rough surface area of calcium phosphate coatings on Ti ͑rms= 300 nm͒, 20 noting that the paper substrate likewise provides a rough substrate topography akin to that of commercial hydroxyapatite coatings. The release percentage was 48% at 20 min, which was two-thirds of the corresponding release percentage on the paper substrates, 74%.
F. Release of calcium and phosphate ions
The release of calcium and phosphate ions was analyzed by ICP-OES. It was found that for times shorter than 20 h, the additional amounts of calcium and phosphate supplied by release were too low to be detectable by this technique against the high background of these ions in SBF. As shown in Fig. 8 , measurable amounts of calcium and phosphate ions were released from the alginate/chitosan/CPC composite coatings over a period of 3 d at pH 7.2. After 3 d, the release became immeasurably small over the subsequent 24 days. After 27 d the pH was lowered to 6.0 in order to determine whether there was any CPC left in the hydrogel coating. The basis for this is that the release of calcium and phosphate ions is increased at pH 6 as the solubility of calcium phosphates increases with decreasing pH. 56 Similarly, calcium and phosphate ions were released from the underlying calcium phosphate layer of alginate/chitosan/CaP layered coatings over a period of 3 days at pH 7.2. Decreasing the pH to 6.0 also led to additional release of calcium and phosphate ions in this structure ͑Fig. 9͒.
IV. DISCUSSION
The release of biomacromolecules from hydrogel coatings offers a means of localized control of biological processes adjacent to an implant surface, 2-8 and hydrogel coatings comprising alginate or chitosan have been investigated by a number of researchers for their use in this application. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] On the other hand, a thin release coating provides a limited reservoir, and release may be effective only over a short period of time. The kinetics of release depend markedly on effects such as cross-linking and swelling of the hydrogel. As the structure and properties of alginate are affected by the concentration of calcium ions, the question arose whether the release of biomacromolecules from an alginate based hydrogel coating would be affected by a calcium rich environment, provided either by codispersed calcium phosphate nanoparticles or by an underlying calcium phosphate coating. The elution of fluorescently labeled dextran ͑FD͒ probe molecules from alginate/chitosan hydrogel coatings was reported earlier, 9 and in this study we aimed to see if there would be significant changes upon addition of the calcium phosphate in either variant.
The two coating designs represent possible usages wherein both macromolecules and calcium and phosphate ions are desired to be available to the biological milieu adjacent to an implant. A thin hydrogel coating loaded with macromolecules such as growth factors on top of a hydroxyapatite ͑HA͒ coating is a scenario for orthopaedic implants, whereas a coating comprising biomacromolecules and dispersed calcium phosphate nanoparticles may be of value for orthopaedic implants that do not contain a HA layer. For both scenarios, it is important to define possibilities and limitations for applications from knowledge of a number of properties, including release rates, loadings, and physical properties of the coatings. In this study we aimed to scope data on physical properties and release kinetics and durations. The release of FD represents, of course, only a model system that we chose to use to probe for calcium effects on the release of a particular eluant. In practical applications, the actual release kinetics of a specific bioactive macromolecule would have to be determined by measurements; our data provide only an order of magnitude frame for molecules with similar MWs as those of the FDs used.
A key consideration comprises the physical properties of the hydrogel coatings. As surface roughness is well known to affect the cellular and tissue responses, it was important to ascertain whether the incorporation of CPC nanoparticles would substantially affect the surface topography. Clearly, our SEM and AFM data show that there is an increase in the surface roughness ͑rms values͒, but the increases are much smaller than the topographical features used in many studies to influence cell responses to surface topography. The hydrogel/CPC composite coatings generally have the same smooth structure as undoped alginate/chitosan layers, with the most frequently detected peak height of the composite coatings below 30 nm. Thus, we can conclude that the surface topography of the coatings is not a biologically relevant factor when comparing the pure hydrogel coatings and CPCloaded coatings. This allows the composite coating to be considered as an approximate slab/monolithic model, analogous to the blend coating. 9 The smallness of the effect of nanoparticle incorporation upon topography is related to the good dispersion of the nanoparticles. As our TEM images show, the nanoparticles we used are well dispersed; while some aggregation can be observed, there are no large clumps that would protrude markedly from the coating. XPS also shows that the nanoparticles are covered by a layer of hydrogel; thus, cells would not be exposed to CPC surface regions.
These analytical studies suggest that the coatings may present biointerfacial properties akin to those of undoped alginate/chitosan hydrogels. The data we collected contain no adverse indication regarding use on implants. Thus, a more important factor for consideration for possible applications may be the release kinetics achievable with these two coating structures.
The release of macromolecules is feasible from such structures, but occurs over very short time frames with a burst release behavior. The time frames are overall similar to those recorded with FD doped alginate/chitosan coatings without any additional bulk calcium phosphate present, 9 but the fact that the observed release kinetics do not fit established release kinetics descriptions over the entire period indicates that the situation is quite complex. The mechanism of outdiffusion driven by a concentration gradient is not the only determinant; there appear to be time-dependent superimposed phenomena such as swelling of the hydrogel matrix, release of calcium ions affecting alginate cross-linking, and volume changes as the CPC dissolves, that affect the observed elution of the FD probe molecules. We also note that increased calcium concentration leads to a faster rate of release. The details of the various factors such as swelling are in need of further study before a more detailed interpretation of the observed release kinetics is feasible. Fitting of the experimental data to multistep models is not particularly instructive; there are so many parameters that a number of fits give similar quality of fitting, and the physical basis is not available to assess how meaningful they are.
The release of calcium and phosphate ions takes place over longer time frames than the elution of FD, but after 3 d the amounts eluting have become very small, even though the later lowering of the solution pH shows that there is still payload left for elution. It is interesting that the time frames are similar for elution of calcium and phosphate ions for the two structures comprising nanoparticles dispersed within the hydrogel coating and a CaP layer underneath the hydrogel layer. However, in both cases the release times appear to be too short to be viable for assisting in longer-term bone regeneration. Whether the short-term release of calcium and phosphate ions has therapeutic benefits in the early stages of implant integration remains to be determined.
Thus, our data show that it is feasible to deliver both macromolecular payload and calcium and phosphate ions concurrently from either of the two structures investigated, but only over relatively short time frames. When CPC powder is mixed into the hydrogel coating, it releases calcium and phosphate ions and does not significantly interfere with the release of FITC-dextran. On the other hand, calcium and phosphate ions can be delivered by diffusion from a CaP layer applied underneath a hydrogel layer, and again the concurrent release of macromolecules is little affected. Calcium ions do, however, affect the hydrogel structure somewhat, and time-dependent changes in the density and cross-linking of the hydrogel lead to complex release kinetics.
V. CONCLUSIONS
Biomacromolecules and calcium and phosphate ions can be released concurrently from either of two structures: a composite coating containing both macromolecules and CPC within an alginate/chitosan hydrogel matrix, or a macromolecule-doped hydrogel coating on top of a calcium phosphate layer. The release kinetics of the macromolecules is similar to that observed earlier without CaP present, indicating that the additional presence of these particles or layer does not substantially affect the release of the probe molecules from the hydrogel, although at higher concentrations some change is observed, which is likely due to the calcium ion concentration affecting the structure of the alginate/ chitosan gel. The release of FD 70 from composite coatings with different CPC percentages, from 0.3% to 1.0%, was better described by double or triple phase zero order release kinetics. The release kinetics thus show a complex time dependence that indicates that in addition to outdiffusion, there are other, time-dependent factors such as swelling of the gel. This is not surprising in light of the known effects of calcium ions on alginate.
The similarity of release behaviors with different CPC nanoparticle concentrations is accompanied by an absence of substantial changes in the physical appearance of the coatings. The surface topography does not increase substantially, and the nanoparticles appear to be well embedded within the hydrogel matrix. 
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